ABSTRACT Background: Isoflavones, having chemical structures similar to estrogens, are believed to stimulate nitric oxide production and thus lower blood pressure. The efficacy of soy isoflavone supplementation to stimulate nitric oxide production and lower blood pressure in menopausal women with high normal blood pressure remains unknown. Objective: The objective was to test the effect of soy isoflavone supplementation on nitric oxide production and blood pressure in menopausal women with high normal blood pressure. Design: A randomized, double-blind, parallel, placebo-controlled 6-wk trial was conducted to assess the effects of daily supplementation with 80 mg soy hypocotyl isoflavones (in aglycone units) on nitric oxide metabolism and blood pressure in 24 menopausal women with 12 women per group. Changes in nitric oxide metabolism were assessed via a primed, constant-infusion protocol with [ 15 N]arginine and [
INTRODUCTION
Cardiovascular disease is the leading cause of death among menopausal women in the United States (1) . Although the cardiovascular mortality rate among women aged 45 y is only half of that observed in men, it increases 4-fold in women aged 45-55 y and exceeds that reported in men of comparable age in menopausal women (2, 3) . Hormone replacement therapy increases the risk of cardiovascular disease in menopausal women (4) , even though estrogen replacement therapy has been shown to improve endothelium-dependent vasodilation (5) . The beneficial effect of estrogen therapy on vasodilation is nullified by a nitric oxide (NO) 5 synthase inhibitor (5) , which suggests that NO plays an important role in the vasodilatory capacity of menopausal women. NO has been identified as an endotheliumderived relaxing factor that regulates vascular smooth muscle relaxation (6) . Furthermore, estrogen therapy has been shown to increase plasma nitrate concentrations in menopausal women (7) , which indicates that NO production might have been stimulated. Despite the many possible health benefits of estrogen replacement therapy (8) (9) (10) , it is not an acceptable treatment in many women because of its association with an increased risk of coronary artery disease (4) and cancer, particularly breast cancer (11, 12) .
Genistein and daidzein, the 2 most abundant isoflavones found in soybeans, have chemical structures similar to estradiol and possess anticancer properties (13) . Improved arterial compliance has been reported in menopausal women taking a daily dose of soy isoflavones (14) . In another study, infusion of genistein produced a dose-dependent increase in forearm blood flow (FBF) similar in potency to 17b-estradiol in men and in premenopausal women (15) . Because the responses to both genistein and estradiol were inhibited to the same degree by NO synthase inhibitor, the genistein-induced forearm vasodilation is anticipated to be via the L-arginine/NO-dependent pathway.
In the current study, we sought to determine whether over a 6-wk interval, daily supplementation with 80 mg soy hypocotyl aglycone isoflavones could stimulate NO synthesis and improvement in hemodynamic measurements in menopausal women with high normal blood pressure. In vivo NO synthesis was measured by using an innovative primed, constant-infusion stable-isotope method. Hemodynamic measures were assessed via FBF, estimates of arterial stiffness, and 24-h ambulatory blood pressure monitoring.
SUBJECTS AND METHODS

Study design
The randomized, double-blind, parallel, placebo-controlled study was conducted at Baylor College of Medicine with initial recruitment starting in July of 2003. The study subjects provided written informed consent, and the study protocol was approved by the Institutional Review Board for Human Studies at Baylor College of Medicine.
Menopausal women (40-60 y of age) with a BMI (in kg/m 2 ) ,30 and a high normal blood pressure [systolic (SBP)/diastolic: 130-139 mm Hg/85-89 mm Hg], who had not had menses for !12 mo and had a serum follicle-stimulating hormone concentration .30 IU/mL, were eligible to participate in the study.
Exclusion criteria included an abnormal blood chemistry profile, BMI .30, a history of cancer, and active liver, kidney, gallbladder, or heart disease. Women were excluded from the study if they were being treated with antihypertensive medications or drugs/ herbals known to alter blood pressure, bisphosphonates, calcitonin, fluoride, corticosteroids, tamoxifen, raloxifene, letrozole, or hormone therapy. Women also were excluded from the study if they were taking supplements such as black cohosh, blue cohosh, dong quai, caltrate 600+soy, Estroven (Estroven), ginseng (GNC), Healthy Women (Johnson & Johnson), Opti-Soy (Revive Personal Product), PhytoFem (Bio Nutri Food), ProBalance (Nestles), Promensil (Novogen), Remifemin (Enzymatic Therapy Inc), Rimostil (Novogen), or Trinovin (Novogen).
As shown in Figure 1 , the study consisted of 2 periods: a screening phase and a double-blind study period of 6 wk. At screening, informed consent was obtained, overnight fasting blood samples were obtained, and blood pressure measurements were made by using a calibrated mercury sphygmomanometer. Blood pressure and heart rate measurements were made 3 times in a lying position, 3 times in a sitting position, and 3 times in a standing position on the nondominant arm with a 2-min rest period between measurements. Eligible subjects returned 1 wk later for repeated assessment of blood pressure and a physical examination and received guidance from a registered dietitian on foods high in nitrates to avoid before the infusion study. At baseline, a 2-d hemodynamic evaluation was conducted on each subject at the Cardiovascular Clinical Pharmacology Laboratory at Baylor College of Medicine, which was followed by the stable-isotope-infusion study at the General Clinical Research Center at the Methodist Hospital. After the baseline studies, the women were randomly assigned to receive either 80 mg soy isoflavones/d or a placebo for 6 wk. Treatment allocation codes were maintained by a research pharmacist who was also responsible for generating the randomization scheme before the beginning of the study and for providing study drugs to the subjects. All the investigators, research staff, and subjects were blinded to the treatment codes. The hemodynamic evaluation and the stable-isotope-infusion study were repeated at the end of 6 wk of the soy isoflavone supplementation phase or the placebo phase.
Stable-isotope protocol
A modified primed, constant-infusion protocol with stableisotope tracers was used to quantify in vivo NO production in the menopausal women. On the morning of the study, a plastic catheter was inserted into a vein of one of the arms of each woman. A fasting baseline blood sample (;20 mL) was collected for measurements of arginine, citrulline, nitrite, nitrate, and isoflavones. Subsequently, the subject received intravenously a priming dose containing 8 lmol guanidino-[ together with the citrulline enrichment provided a direct measure of NO production. The stable-isotope tracers were manufactured by Cambridge Isotope Laboratories. All stable-isotope tracers were tested and certified to be sterile and pyrogen-free by the manufacturer. All intravenous solutions to support the primed, constant-infusion protocol were prepared by the Methodist Hospital's investigational pharmacy and approved for intravenous administration. Hourly blood samples (4 mL each) were collected during the 6-h infusion period and 1 h after completion of the infusion. FIGURE 1. Schematic diagram of the study design. At screening 1, informed consent was obtained from all potential study subjects followed by blood pressure and heart rate measurements. A fasting blood sample was collected for clinical blood chemistry, thyroid function, and follicle-stimulating hormone and isoflavone concentrations. At screening 2, study subjects who met the study inclusion criteria returned 1 wk later for a physical examination, dietary guidance to avoid foods high in nitrates, and blood pressure and heart rate measurements. The 2-d hemodynamic evaluation and stable-isotope infusion study were done on each subject at baseline and at the end of the 6-wk treatment period. The subjects were randomly assigned after the baseline assessments. All subjects continued to consume the placebo or isoflavone tablets until all posttreatment assessments had been done. Another fasting blood sample was collected at the end of the 6-wk treatment period to assess compliance.
Liquid chromatography-mass spectrometry
Because of poor ionization efficiency and chromatography, plasma amino acids were converted to the N,N-dimethylaminonaphthalene sulfonamide (DANS) derivative by treatment of 100 lL plasma buffered to pH 9.0 with 50 lL of 0.1 mol sodium tetraborate/L, which was then allowed to react with 100 lL of 20 mmol 5-(dimethylamino)-1-napthalenesulfonyl chloride/L for 20 min. Proteins were precipitated with 1.0 mL chilled acetonitrile and removed by centrifugation. The supernatant fluid was evaporated, and the DANS amino acids were dissolved in 200 lL HPLC mobile phase consisting of acetonitrile, HPLC grade water, and formic acid at a ratio of 5:95:0.5. After being vortex-mixed, the mixture was centrifuged, and 150 lL supernatant fluid was transferred to an autosampler vial and 10 lL of the supernatant fluid was injected onto a Synergi 4 l MAX-RP 80 Å , 150 · 2.00 mm HPLC column (Phenomenex). The DANS amino acids were eluted with an acetonitrile:water:formic acid gradient (5:95:0.5-95:5:0.5). Isotopic enrichment was measured with a Thermo Scientific Quantum Discovery triple quadrupole instrument by using electrospray ionization, collision-induced dissociation, and selected reaction monitoring. The retention times for arginine and citrulline were determined to be 5.4 and 6.2 min, respectively. Specific selected reaction monitoring conditions for the collision-induced dissociation of each amino acid (and isotopologues) were as follows: arginine m/z 408 (410, 413) /170 at 34 eV, citrulline m/z 409 (410) /392 at 14 eV, and citrulline m/z 414 /397 at 14 eV. Precision of the enrichment measurements in the baseline blood samples was 6 0.01-0.03% for an individual isotopomer. Absolute accuracy of the natural abundance baseline samples is typically 60.1%. Enrichment data were expressed as mole percentage excess (MPE). Plateau enrichment in the primary amino acid compartment during the infusion study was typically 13-18 MPE (arginine) and 6-10 MPE (citrulline). Enrichment in the secondary amino acid was 0.2-0.6 MPE (citrulline derived from arginine) and 0.4-1.3 MPE (arginine derived from citrulline).
Flux calculations
Enrichments are expressed in units of MPE. Plasma arginine and citrulline fluxes were calculated from plasma arginine or citrulline enrichment during steady state infusion as follows (18):
where Q arg and Q cit are the arginine and citrulline fluxes (lmol
), I arg and I cit are the infusion rates of labeled arginine and citrulline (lmol Á kg 21 Á h 21 ), MPE inf is the enrichment of the infused arginine or citrulline in MPE, and MPE arg and MPE cit are the plasma arginine and citrulline enrichments under steady state conditions. The NO production rate (Q NO ; lmol Á kg 21 Á h
21
) was calculated as follows:
Hemodynamic measurements
At the Cardiovascular Clinical Pharmacology Laboratory, blood pressure measurements were repeated for each study participant in the supine, seated, and standing positions 3 times with a calibrated mercury sphygmomanometer. Each woman was then fitted with an arm cuff attached to a Space Laboratories model 90207 arterial blood pressure monitor, and blood pressure was measured every 20 min during the day and every 30 min at night for 24 h. For use in this study, !80% of the readings had to be valid and there had to be at least one valid reading every hour. At the laboratory, arterial compliance was measured with a cardiovascular profiling instrument (Hypertension Diagnostics Inc). Basal and postischemic (5-min brachial artery occlusion) FBF and brachial artery blood pressure were measured with a straingauge plethysmograph (DE Hokanson) and a Colin Pilot hemodynamic monitoring device that provided beat-to-beat blood pressure measurements. Three FBF measurements were made at 45-s intervals before and immediately after release of the brachial artery occlusion. Forearm vascular resistance before and after occlusion was calculated by dividing the average SBP by each FBF value. The highest FBF after release of the brachial artery occlusion was considered to represent peak reactive hyperemia (PRH). Flow-mediated dilation (FMD) was defined as the difference between PRH and the average of the 3 FBF measurements made before brachial artery occlusion.
Soy isoflavone and placebo tablets
The soy hypocotyl isoflavones were manufactured and provided by Frutarom Netherlands BV, whereas the placebo and isoflavone-containing tablets were manufactured and packaged by Pharma Consulting & Industries BV. Analysis of the isoflavone aglycone and glucoside content was carried out by Nutrilab BV by using an HPLC method based on Song et al (19) . The average content of each isoflavone tablet contained 40.51 mg aglycone equivalent of total isoflavones (daidzein: 22.01 mg; glycitein: 13.54 mg; genistein: 4.96 mg) with most (.95%) in the form of glycosides reflecting the natural composition of the soy germ. The placebo tablets contained ,1.0 mg aglycone equivalent per tablet. The placebo and isoflavone tablets each contained the same filler materials and common processing aids, yielding tablets that were identical in appearance. Women assigned to the treatment group ingested 2 isoflavone tablets each day, one in the morning and one in the evening. Women assigned to the placebo group ingested 2 placebo tablets each day, again one in the morning and one in the evening. Both groups of women ingested a tablet in the morning before entering the General Clinical Research Center for posttreatment assessments and continued to ingest the tablets until all posttreatment assessments had been completed.
Compliance measure
Compliance was confirmed on the basis of blood isoflavone measurements. An HPLC-mass spectrometry procedure for the rapid, sensitive, and specific measurement of daidzein, genistein, glycitein, and equol in human plasma was used (20) . Synthetic radiolabeled genistein conjugates were used for evaluation of optimum conditions for solid-phase extraction. Biochanin A was added to plasma as a recovery marker for isoflavones and phenolphthalein glucuronide, and 4-methylumbelliferone sulfate were added to ensure completeness of hydrolysis with b-glucuronidase/ sulfatase. Isoflavones in plasma extracts were separated by using an isocratic HPLC method and analyzed by negative-ion multiple reaction ion monitoring-mass spectrometry by using a heated nebulizer-atmospheric pressure chemical ionization interface. Within-assay and between-assay CVs for measurement of daidzein and genistein in 5 aliquots of the same plasma sample were 8.51% and 7.76% and 5.98% and 6.12%, respectively.
Study outcomes
The primary outcome was the change in arginine flux, citrulline flux, and NO production rate from baseline over 6 wk. Secondary outcomes were the change in FBF, in estimates of arterial compliance, and in average daytime, nighttime, and full 24-h ambulatory blood pressure measurements from baseline to 6 wk of active therapy or placebo.
Statistical analysis
Potential confounding variables were assessed by comparing treatment groups with respect to baseline demographic and clinical characteristics. Characteristics found to be different among groups to a clinically important degree were included as covariates in the analyses. A generalized linear model was used to assess each outcome with respect to the effects of treatment group, while accounting for confounders and the corresponding baseline value of the outcome variable. Analyses were performed using SPSS software (Windows version 16). The manufacturers of the supplements were not involved in the study design or data analysis. The academic authors had full and unrestricted rights to analyze, interpret, and publish the results.
RESULTS
Baseline characteristics of the study subjects are listed in Table 1 . Age, body weight, height, BMI, and blood pressure were similar between the treatment groups. Compliance with the study protocol was confirmed by measurements of blood isoflavone concentrations at the beginning and again at the end of the 6-wk study period. As shown in Figure 2 , the natural logarithmic transformation of the skewed blood concentrations of daidzein, genistein, and glycitein were significantly elevated (P , 0.01) among the menopausal women receiving the soy isoflavone supplementation when compared with placebo. Only 3 women among the 12 women in the treatment group were able to produce equol.
The clinical chemistry profiles of the study participants are summarized in Table 2 . Both groups of women were considered healthy based on their laboratory chemistry profiles. No difference was detected in the lipid profiles between the 2 groups although both groups were found to have elevated serum concentrations of total cholesterol and LDL cholesterol. Their menopausal status was confirmed by elevated blood folliclestimulating hormone concentrations.
The changes in arginine flux, citrulline flux, NO synthesis rate, and fractional conversion rate among the 2 groups after the 6-wk study period are shown in Table 3 . The results indicate that arginine flux, citrulline flux, NO synthesis rate, and fractional conversion rate were similar between the 2 groups of menopausal women at baseline. Soy isoflavone supplementation at 80 mg/d for 6 wk had no effect on arginine flux, citrulline flux, NO synthesis rate, or fractional conversion rate when compared with placebo.
The baseline and posttreatment hemodynamic measures of the study participants are summarized in Table 4 . No significant differences were observed in FBF, forearm vascular resistance, 24-h ambulatory blood pressure monitoring measures, large or small artery elasticity indexes, preocclusion, and PRH after adjustment for baseline values between the 2 groups. Subjects were classified as dippers (nighttime SBP values were .10% below their average daytime SBP) or nondippers because nondippers have a greater 24-h blood pressure burden than do dippers and have been reported to have reduced flow mediated vasodilation (21-23). Our results showed no significant difference in the number of dippers and nondippers between the 2 groups either at baseline (P = 0.11) or after 6 wk of treatment (P = 0.21).
A positive relation (P 0.04) was observed between pretreatment and posttreatment FMD, but no statistically significant differences were found between the isoflavone and placebo groups (P = 0.08). No statistically significant relation (P ! 0.37) was found between pre-and posttreatment FMD and the change in NO synthesis rate for either treatment group.
DISCUSSION
Our study showed that soy isoflavone supplementation at 80 mg/d had no effect on blood pressure measurements obtained 1 Derived by using an independent-samples t test for the comparison between the placebo and treatment groups. A chi-square test was used to compare the ethnic distribution between the 2 groups.
2 Mean 6 SD (all such values).
3 Seated clinic blood pressure; average of 3 measurements for each subject.
FIGURE 2. Natural logarithmic transformation of blood isoflavone concentrations in the placebo group and the soy isoflavone-supplemented group at the end of the 6-wk study period. The asterisks above the columns denote significant differences (P , 0.01) between the 2 groups. The error bar above each column represents SD. either in the office or by 24-h ambulatory blood pressure monitoring. Six other clinical trials on menopausal women also reported similar findings at isoflavone dosages ranging from 60 to 80 mg/d (24) (25) (26) (27) (28) (29) . Only 3 clinical trials reported a significant decrease in blood pressure (29) (30) (31) with isoflavone supplementation. One of these 3 clinical trials showed beneficial effects on blood pressure only among equol producers (31) . Among nonequol producers, the clinical trial showed a significant increase in SBP measurement (31) , in contradiction to the anticipated outcome. 1 Derived by using an independent-samples t test for the comparison between the placebo and treatment groups. 2 Derived by using a generalized linear model for the comparison between the placebo and treatment groups with adjustment for baseline measures.
3 Mean 6 SD (all such values). 1 DBP, diastolic blood pressure; FBF, forearm blood flow; HR, heart rate; PRH, peak reactive hyperemia; SBP, systolic blood pressure. 2 Derived by using an independent-samples t test for the comparison between the placebo and treatment groups. 3 Derived by using a generalized linear model for the comparison between the placebo and treatment groups with adjustment for baseline measures. 4 Mean 6 SD (all such values). 5 Represents the highest FBF after release of the brachial artery occlusion. 6 Change in forearm vascular resistance before ischemia to the maximum reduction in forearm vascular resistance during PRH (flow-mediated vasodilation). 7 Proportion of subjects whose average nighttime SBP dropped .10% compared with their average daytime SBP.
Individuals who do not lower their nighttime blood pressure by .10% below their daytime average have been identified as nondippers. In clinical trials, this group, when compared with dippers, has been reported to have a higher incidence of left ventricular hypertrophy (21) and a higher incidence of obstructive sleep apnea (22) , and they are at greater risk of coronary artery disease, stroke, and cardiovascular death (23) . In this study, dipper status did not correlate with a change in FMD in either the placebo or isoflavone-treated group. The number of subjects who were classified as dippers after isoflavone supplementation increased, but not significantly so, perhaps because of the small number of subjects in each group.
Arterial compliance was not affected by soy isoflavone supplementation over a 6-wk period in our study. Although improvement in arterial compliance was reported in one clinical trial (26) , this and one other study reported no effect (28) . The lack of effect of soy isoflavone supplementation on FBF reported in our study is similar to that reported in another clinical trial, which looked at the hemodynamic effect of soy isoflavone supplementation in menopausal women (28) .
The effect of isoflavones on FMD is contradictory. Whereas 6 clinical trials (27) (28) (29) (32) (33) (34) showed significant improvement in FMD with isoflavone therapy, 7 other clinical trials (24-26, 28, 31, 35, 36) documented no improvement in FMD with isoflavone therapy. A meta-analysis of these randomized placebo-controlled clinical trials showed that oral isoflavone supplementation improved FMD, measured as changes in brachial artery diameter, only in women with low baseline FMD levels (37) . In this study, FMD was measured by forearm venous occlusion plethysmography. Using this method, the greatest FMD response to treatment in our subjects occurred in those with high pretreatment FMD, regardless of treatment assignment. Although differences in methods could account for the differences in our results and those reported in the meta-analysis, it is unlikely because a strong correlation between FMD measurements obtained by the 2 modalities has been reported (38) .
Because NO has been identified to be the endothelium-derived relaxing factor that regulates vascular smooth muscle relaxation (6), a significant increase in plasma NO concentration might be a good indicator that isoflavone supplementation might have stimulated NO synthesis. Four clinical trials (27) (28) (29) 32 ) reported significant elevations in plasma NO concentrations after isoflavone supplementation, whereas 2 other trials (33, 38) reported no such effect. As shown in Table 3 , using an innovative stableisotope-infusion method we found no effect of soy isoflavone supplementation on arginine flux, citrulline flux, in vivo NO synthesis, or the fractional conversion rate.
We were unable to determine whether equol would have changed the outcome because of the small sample size. Because soy hypocotyl material has a higher amount of daidzein than genistein, it is possible that equol production could have altered the outcome of the study. However, the small sample size did not allow assessment of equol's role because equol was detected only in 3 of the 12 women receiving the soy hypocotyl material. However, the blood isoflavone measurements, as shown in Figure  2 , clearly showed that our study participants were in compliance with the study protocol.
Our study had potential limitations. In an infusion study, genistein was found to stimulate NO-dependent dilation of human forearm vasculature (15) . In an in vitro study, genistein was found to acutely stimulate NO synthesis in vascular endothelial cells (39) . Therefore, the use of a soy supplement with a higher abundance of genistein might have produced different results. However, the result reported by Walker et al (15) might not be applicable to menopausal women because the study was conducted in men and premenopausal women. The infusion study (15) and in vitro study (39) are not applicable to the general population seeking potential sustainable health benefits from dietary supplements such as soy isoflavones, including menopausal women. According to the Office of Dietary Supplements at the NIH and the Dietary Supplement Health and Education Act, any botanicals to be classified as dietary supplements must be taken by mouth as a pill, capsule, tablet, or liquid. Furthermore, isoflavones taken by mouth are first hydrolyzed in the gut to remove the sugar moiety. Once they are in the intestinal cells, they undergo glucuronidation and sulfonation and emerge into the mesenteric blood mostly conjugated. Therefore, the use of nonconjugated genistein in the infusion study or in the in vitro study are not natural or physiologic. The studies reported by Walker et al (15) and Liu et al (39) and the test meal study reported by Hall et al (29) looked at the acute responses of FBF, nitrogen oxides, and FMD to isoflavone treatment, whereas our study was designed to look at the sustainable and possible longterm benefits of daily soy isoflavone supplementation over a 6-wk period on the hemodynamic measures and in vivo NO production. Therefore, our results are not comparable because the acute responses reported by these authors (15, 29, 39) do not guarantee any sustainable benefits.
In an acute human dietary study (29) , improvement in FMD was found to coincide with peak serum isoflavone concentrations. Therefore, standardizing the hemodynamic and NO production measurements with peak serum isoflavone concentration might have altered our findings. However, it is not possible to time the stable-isotope constant-infusion study with peak serum isoflavone concentrations, because the infusion protocol took 7 h to complete. This also cannot be done with 24-h ambulatory blood pressure monitoring.
Including a sufficient number of equol producers in the study might have changed the outcomes of our study. Unfortunately, our limited resources would not allow us to pretest a large number of study subjects to identify the equol producers. Because equol is not a natural botanical, a much larger clinical trial might be more appropriate to determine whether equol has any beneficial effects against cardiovascular diseases in menopausal women. In conclusion, our results clearly showed that soy isoflavone supplementation at 80 mg/d over a 6-wk period had no beneficial effect on blood pressure, FBF, FMD, or NO synthesis.
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